The effect of partial substitution of Y for Gd on the glass forming ability of Mg 65 Cu 15 Ag 10 Y 10 alloy has been studied using X-ray diffraction and differential thermal calorimetry. Partial substitution of Y by Gd improves the glass forming ability. The Mg 65 Cu 15 Ag 10 Y 2 Gd 8 alloy shows the highest glass forming ability among the alloys investigated, enabling the fabrication of bulk metallic glass with the diameter of 9 mm by conventional Cu-mold casting method in air atmosphere. The compressive fracture strength and fracture elongation of the Mg 65 Cu 15 Ag 10 Y 2 Gd 8 bulk metallic glass are 956 MPa and 1.6% respectively.
Introduction
The increased demand for light and strong materials able to withstand severe environmental conditions has stimulated considerable research into bulk metallic glasses (BMGs), due to their significantly improved properties, such as high strength, toughness, and good corrosion resistance. 1, 2) BMGs can expand the application area further by increasing the size limit, i.e. by enhancing the glass forming ability (GFA) which is represented by various parameters such as ÁT x (¼ T x À T g ), T rg (¼ T g =T l ), K (¼ ½T x À T g =½T l À T x ) and (¼ T x =½T g þ T l ) parameters. It is important to establish the ranges of alloy composition that have large glass forming ability for the preparation of bulk metallic glass. Unfortunately, there exists no universal model to predict the families of alloy compositions that are likely to have a wide supercooled liquid temperature range. Through extensive experiments, three empirical rules were found to favor the formation of bulk amorphous alloys:
3) 1) multi-component systems with more than 3 components; 2) large differences in atomic size between the constituent elements; and 3) large negative heats of mixing in the liquid. Even though these three rules can offer some useful guidelines for alloy design, the development of new alloys with a large glass forming ability depends mainly on carrying out a series of experiments where the compositions are changed step by step.
Mg-TM-RE (TM: transition metal such as Ni, Cu, Zr; RE: rare-earth metal such as Y) alloy systems exhibit a large undercooled liquid region and high GFA. 4, 5) Since Inoue and Masumoto 6) first reported the formation of BMG in Mg 65 Cu 25 Y 10 , enhancement of glass forming ability has been reported in various Mg-Cu-Y-X (X=Ag, Pd, Zn) alloy systems. [7] [8] [9] [10] [11] The maximum diameters of the bulk metallic glass samples fabricated by injection casting are 6 mm for Mg 65 Cu 15 Ag 10 Y 10 alloy. 8) Recently, it has also been reported that the Mg 65 Cu 25 Gd 10 ternary alloy has a significantly improved glass forming ability, enabling the fabrication of the bulk metallic glass sample with maximum diameter of 8 mm by conventional Cu-mold casting method in air atmosphere. 12) In the present study, we investigated the effect of partial substitution of Y for Gd on the glass forming ability of 
Experimental
The alloy compositions investigated in the present study are Mg 65 Cu 15 Ag 10 Y 10 Gd x (x ¼ 0, 2, 4, 6, 8 and 10). The master alloys were prepared by arc melting Cu, Ag, Y, Gd (purity > 99.9%) under a Ti-gettered argon atmosphere in a water-cooled copper crucible. The master alloys were then alloyed with Mg (99.9%) in a graphite crucible in an Ar atmosphere using an induction furnace. After complete melting, liquid alloys were poured into a Cu-mold in air atmosphere. To evaluate the glass forming ability, a coneshaped Cu mold was used. The dimension of the cavity in the Cu-mold was 45 mm in height, 15 mm in diameter at the top, and 6 mm in diameter at the bottom. Due to the difference in cooling rate, the maximum diameter for the fully amorphous structure may be different when using cone-shaped or cylinder-shaped molds. From the ingots, injection cast samples with a diameter of 1 mm and rapidly solidified ribbon samples were fabricated for compression test and thermal analysis, respectively. Injection cast samples were prepared by re-melting the appropriate amount of the alloys in quartz tubes under a purified inert atmosphere followed by injecting through a nozzle into a Cu mold, having cylindrical cavities of 1 mm diameter. Rapidly solidified ribbon samples were prepared by re-melting the appropriate amount of the alloys in quartz tubes followed by ejecting with an overpressure of 50 kPa through a nozzle onto a Cu wheel rotating with a surface velocity of 40 m/s. The resulting ribbons have a thickness of about 45 mm and a width of about 2 mm.
For the structural and thermal analyses, thin slices were cut from the as-cast cone-shaped ingots. Because of the coneshape, we obtained the transverse cross sections with different diameters of 8.5, 9, 9.5 and 10 mm. The surfaces of the thin slices were examined by X-ray diffraction (XRD), with a monochromatic Cu K radiation. The thermal analysis of the as-melt-spun ribbons was carried out to determine the glass transition temperature (T g ), the crystallization onset temperature (T x ) and the temperature range of the melting endotherm by differential scanning calorimetry (DSC), using a heating rate of 0.667 K/s. To carefully confirm the amorphous structure of the cone-shaped ingot, the specimens from the center to the edge of thin slices were examined in the DSC. Compressive test was performed at a strain rate of 1 Â 10 À4 s À1 . Specimens were machined from the injection cast samples into cylinders having a dimension of 1 mm in diameter and 2 mm in height.
Results
The formation of the amorphous phase in the rapidly solidified ribbons was confirmed by XRD experiments. Figure 1 shows the DSC traces obtained from the as-meltspun Mg 65 Cu 15 Ag 10 Y 10 Gd x (x ¼ 0, 2, 4, 6, 8 and 10) ribbons during continuous heating with a heating rate of 0.667 K/s. All the samples exhibited a distinct glass transition, followed by a broad super-cooled liquid region and then exothermic reactions due to crystallization. The glass transition temperature (T g ) and crystallization onset temperature (T x ) are marked by arrows in the DSC traces, and are summarized in Table 1 . For the alloy x ¼ 0, the T g and T x were 428 K and 469 K, respectively. Both the T g and T x decreased slightly with increasing x up to 10. The T g and T x for the alloy x ¼ 10 were 416 K and 459 K, respectively. Therefore, the supercooled liquid region, ÁT x of the alloys investigated was almost same (ÁT x ¼ T x À T g ) ranging between 41 K and 45 K. As marked in Fig. 1, double Figure 2 shows the DSC traces obtained from the as-meltspun ribbons during continuous heating with a heating rate of 0.667 K/s. The onset and end temperatures of the melting endotherms are designated by T s and T l , respectively, and are summarized in Table 1 . For the alloy x ¼ 0, the T s and T l were 686 K and 694 K, respectively. With increasing x up to 4 the T s and T l decreased to 668 K and 685 K, respectively, then increased to 677 K and 686 K, respectively, with increasing x up to 10.
To evaluate the glass forming ability of the alloys x ¼ 0, 2, 4, 6, 8, 10, the thin slices cut from the cone-shaped ingots were investigated by XRD and DSC. The Mg 65 Cu 15 -Ag 10 Y 2 Gd 8 alloy showed the highest glass forming ability enabling the fabrication of BMG with the diameter of 9 mm. pattern of the cross-section with 9 mm in diameter exhibited a broad diffraction peak characteristic of metallic glasses, with no evidence of any crystalline peaks. For the cross-sections with 9.5 and 10 mm in diameter, the XRD patterns show sharp peaks from the crystalline phase superimposed on a broad halo peak, indicating the coexistence of crystalline and amorphous phases. The DSC analysis from center to edge of the thin slice with 9 mm in diameter and 0.5 mm in thickness showed the same results as the as-melt spun ribbon, confirming the fully amorphous structure. The DSC results from center to edge of the thin slice with 10 mm in diameter and 0.5 mm in thickness (Fig. 4) indicated that partial crystallization occurred in the center region of the ingot with the diameter of 10 mm, while the edge region remained as an amorphous state. Figure 5 shows the nominal compressive stress-strain curve for the Mg 65 Cu 15 Ag 10 Y 2 Gd 8 BMG sample. The compressive fracture strength ( f ) and fracture elongation ( f ) were 956 MPa and 1.6% respectively. Young's modulus calculated from the stress-strain curve was 72 GPa.
Discussion
The present results show that partial substitution of Y by Gd in Mg 65 Cu 15 Ag 10 Y 10 alloy is effective in improving the glass forming ability. Figure 6 shows a map of the phases for the cone-shaped ingots fabricated by conventional Cu-mold casting method in air atmosphere as a function of diameter and alloy composition, determined by X-ray diffraction experiments; , , and symbols represent the amorphous phase, an amorphous and crystalline phase mixture and crystalline phases, respectively. The maximum diameter for the formation of fully amorphous ingot is 7 mm for the alloy x ¼ 0. With increasing Gd content, x, the maximum diameter increases up to 9 mm at x ¼ 8, followed by a decrease.
The maximum diameter for the amorphous phase formation may be a real parameter representing the glass forming ability. The present results clearly indicate that the glass forming ability is improved by partial substitution of Y for Gd in the Mg-Cu-Ag-Y alloy system. Table 1 includes the parameters representing the glass forming ability suggested so far, i.e. ÁT x , K, 13) T rg and 14) parameters. Generally, the parameters for the alloys investigated in the present study show high values for glass formation, for example, ÁT x > 40 K and T rg > 0:6, resulting in the relatively good glass forming ability (maximum diameter for glass formation >7 mm). However, it was difficult to get a good linear relationship between the suggested parameters and the maximum diameter for glass formation. It may be noted that the increase in glass forming ability by the partial substitution of Y by Gd is related with the reduced melting temperature. In general, the BMGs exhibit a very limited plastic strain under uniaxial compression at room temperature. 15 
Summary
Partial substitution of Y by Gd in Mg 65 Cu 15 Ag 10 Y 10 alloy improves the glass forming ability. The Mg 65 Cu 15 Ag 10 Y 2 Gd 8 alloy shows the highest glass forming ability among the alloys investigated, enabling the fabrication of bulk metallic glass with the diameter of 9 mm by conventional Cu-mold casting method in air atmosphere. The ÁT x , K, T rg and parameters of the alloys investigated in the present study, generally, show high values for glass formation (ÁT x > 40 K, T rg > 0:6), resulting in the relatively good glass forming ability (maximum diameter for glass formation > 7 mm). However, it was difficult to get a good linear relationship between the suggested parameters and the maximum diameter for glass formation. The increase in glass forming ability by the partial substitution of Y by Gd seems to be related with the reduced melting temperature. The compressive fracture strength, yield strength and fracture elongation of the Mg 65 Cu 15 Ag 10 Y 2 Gd 8 BMG are 956 MPa, 950 MPa and 1.6% respectively. 
